Abstract. Tumor metastasis is accompanied by a two-stage process of epithelial-to-mesenchymal transition (EMT) and mesenchymal-to-epithelial transition (MET). Currently, the exact mechanisms underlying EMT-MET conversion are unclear. In the present study, the mechanisms by which primary sites (hypoxic) and homing sites (normoxic or hyperoxic) participate in EMT-MET conversion were evaluated. Pancreatic cancer cells were grown under different oxygenation conditions. Cell morphology and epithelial (E)-cadherin and vimentin expression were examined. Transwell chambers were used to examine tumor invasiveness, and scratch assays were performed to examine cell migration. Reverse transcription-polymerase chain reaction and western blot analysis were used to quantitate the mRNA and protein expression of E-cadherin, vimentin, Snail and hypoxia-inducible factor (HIF)-1α. BxPc-3 and Panc-1 cells grown under hypoxic conditions demonstrated increased partial EMT, reduced E-cadherin expression, and increased vimentin expression, compared with cells grown under normoxic or hyperoxic conditions. Cells grown under hypoxic conditions also indicated increased migration and invasiveness. HIF-1α mRNA and protein expression was increased in cells grown under hypoxic conditions. These changes were reversed when a specific inhibitor of the HIF-1α receptor was used to block HIF-1α signaling. Differences in oxygen concentration at primary sites and homing sites are important in the EMT-MET process, and the underlying mechanism may involve HIF-1α-Snail signaling.
Introduction
An accurate understanding of the mechanism underlying pancreatic cancer metastasis is necessary for effective therapy (1) . Tumor metastasis refers to a multi-step process of tumor cell migration from the primary site to distant sites (2) . These steps include invasion, intravasation, migration, extravasation and colonization. Epithelial-to-mesenchymal transition (EMT) serves an important role in promoting tumor metastasis (2); however, EMT may be reversible, as metastatic lesions and primary lesions in the tumor tissue are structurally similar. Therefore, a two-step tumor migration theory has been proposed in which primary epithelial tumors initially undergo EMT for invasion (2) . Following these metastatic tumor cells arriving at distant sites, they undergo a mesenchymal-to-epithelial transition (MET), reversing the conversion into metastatic lesions (3) . Currently, the temporal mechanisms regulating EMT-MET conversion are unclear.
Standard cell and tissue culture pO 2 and atmospheric pO 2 are 160 mmHg, whilst the pO 2 inside the body and various organs is below this value. For example, pO 2 is 24 mmHg in the brain, 24 mmHg in the liver, 66 mmHg in the spleen, and 25 mmHg in the kidney (4) . During oncogenesis and development of solid tumors, the microenvironment is in a state of significant hypoxia (5) . Hyperoxia is used to describe am increase in oxygen or partial oxygen critical values, whereas hypoxia describes their decrease (4) . Hypoxia induces tumor EMT and promotes metastasis through the hypoxia-inducible factor (HIF)-1α pathway (6) . High oxygen pressure may inhibit the growth of breast cancer cells and gliomas (7, 8) , and cells considered to be adapted to hypoxia cannot adapt to sudden (12) demonstrated that hypoxia induced EMT in pancreatic cancer cells though TWIST interaction with Ring1B and EZH2 in vitro and in nude mice. Lei et al (13) indicated that hedgehog signaling regulates hypoxia-induced EMT and invasion in pancreatic cancer cells in a ligand-independent manner.
Conversion of epithelial-to-mesenchymal transition to mesenchymal-to-epithelial transition is mediated by oxygen concentration in pancreatic cancer cells
The oxygen environment may be a dynamic switch for plasticity regulation in cells (14) , but whether this can be used to explain the secondary mechanism underlying tumor metastasis remains unknown. In the present study, in vitro hypoxic simulation and moderate hyperoxic environments were used to investigate the effect of oxygen concentration on EMT and MET phenotypes in tumor cells. The results provided insights into the mechanisms involved in pancreatic cancer cell metastasis, thereby providing a basis for novel treatment.
Materials and methods
Materials. RIPA cracking liquid kits were obtained from Beyotime Institute of Biotechnology (Shanghai, China). Dulbecco's modified Eagle's medium (DMEM) and fetal calf serum were purchased from GE Healthcare Life Sciences (Logan, UT, USA). Transwell chambers were purchased from Merck KGaA (Darmstadt, Germany). Matrigel and One-Step Reverse transcription-polymerase chain reaction (RT-PCR) kits were obtained from BD Biosciences (Franklin Lakes, NJ, USA). Epithelial (E)-cadherin (cat. no. sc-71007), vimentin (cat. no. sc-80975), HIF-1α (cat. no. sc-13515), Snail (cat. no. sc-393172) and β-actin (cat. no. sc-517582) antibodies were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The HIF-1α-specific blocker, YC-1, was purchased from Sigma (Shanghai, China). Human pancreatic cancer cell lines, BxPc-3 and Panc-1, were obtained from the American Type Culture Collection (Manassas, VA, USA).
Cell cultures and treatments. BxPc-3 and Panc-1 cells were maintained in DMEM (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with penicillin (100 U/ml), streptomycin (100 µg/ml), 0.1 mM nonessential amino acids, 0.2 mM glutamine, 1 mM pyruvate and 10% heat-inactivated fetal bovine serum. Cells grown to 80% confluency were exposed to hypoxia (5% oxygen), normoxia (21% oxygen) and moderate hyperoxia (30% oxygen), and incubated in 5% CO 2 humidified atmosphere at 37˚C for two days. Cells were incubated in 5% CO 2 DMEM without serum for at 37˚C one day prior to harvest for use in further experiments. In the invasion and migration experiments, cells were cultured in DMEM without fetal bovine serum.
Cell proliferation assay. Cell proliferation was assessed by the MTT assay. A 96-well plate was seeded with 5x10 3 cells, 200 µl DMEM was added to each well, and the plate was incubated overnight at 37˚C. The cells were cultured for 24 h following transfection, and then MTT reagent (QiYi Biological Technology Co., Ltd., Shanghai, China) (5 mg/ml) was added. The supernatant was discarded following 4 h of incubation. Then, 150 µl dimethyl sulfoxide was added to each well and the absorbance (570 nm) was measured. The assay was repeated three times.
Immunofluorescence. For immunofluorescence experiments, Panc-1 cells were cultured onto glass cover slips inside 6-well plates. Following treatment, cells were rinsed with phosphate buffered saline (PBS) and fixed in 4% formaldehyde in PBS for 15 min at 25˚C. Thereafter, cells were treated with 0.2% Triton X-100 (Beijing SolarBio Science & Technology Co., Ltd., Beijing, China) in PBS for an additional 15 min at 4˚C. Following blocking with 1% bovine serum albumin (QiYi Biological Technology Co., Ltd.) in PBS for 1 h at 25˚C, cells were incubated for 2 h at room temperature (RT) with the primary antibodies against E-cadherin and vimentin (1:100 dilution in blocking solution). Following three washes with PBS, cells were incubated with a fluorescein isothiocyanate-goat anti-rabbit IgG (1:100; GB22303; Boster Bioengineering Co., Ltd.) for 30 min at 37˚C. Finally, slides were incubated with 1 µg/ml DAPI (Sigma-Aldrich; Merck KGaA) for 10 min at 25˚C, washed with PBS three times, and mounted for visualization using an inverted fluorescent microscope (magnification, x400; model AXIO; Zeiss AG, Oberkochen, Germany) with appropriate emission/excitation parameters.
Cell migration experiments. Cell migration was evaluated in a scratch test. BxPc-3 and Panc-1 cells (10x10 5 ) were seeded into a 24-well plate containing 1.5 ml DMEM in each well. The cells were grown to a confluent layer (48 h) and then a scratch was produced in each well by using a pipette tip. Subsequently, the cells were washed gently with PBS three times. An image was taken at 0 h. The cells were then exposed to hypoxia, normoxia or moderate hyperoxia at 37˚C in a 5% CO 2 atmosphere and images were taken again following 24 h. The 24 h time point was selected to decrease the potential impact of proliferation on the closing of the scratch. NIH Image Pro Plus 5.0 image analysis software (NIH, Bethesda, MD, USA) was used to standardize and present the results. Results were expressed as a migration index-that is, the distance migrated by normoxia or moderate hyperoxia relative to the distance migrated by hypoxia treated cells. Three independent experiments were performed.
Cell invasion experiments. Cell invasion was examined using Transwell assays. Following incubation for 48 h, 3x10 4 cells were transferred to the top of the Matrigel-coated invasion chambers (BD Biosciences) in serum-free DMEM. DMEM containing 10% fetal bovine serum was added to the lower chamber. Following 24 h, the non-invading cells were removed and the invading cells were fixed using 95% ethanol for 30 min at 25˚C. Cells were then stained with 0.1% crystal violet for 5 min at 25˚C and images were captured at x100 magnification under an inverted phase contrast microscope (Olympus CKX31/41; Olympus Corporation, Tokyo, Japan). Three independent experiments were performed.
RT-PCR.
Total RNA was extracted from the cells using TRIzol ® reagent (Thermo Fisher Scientific, Inc.). A total of 2 µg RNA was reversed transcribed into first-strand cDNA using the RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). PCR primer sequences were as follows: E-cadherin forward, 5'-CAA TGG TGT CCA TGT GAA CA-3' and reverse, 5'-CCT CCT ACC CTC CTG TTC G-3'; vimentin forward, 5'-CGC TTC GCC AAC TAC AT-3' and reverse, 5'-AGG GCA TCC ACT TCA CAG-3'; β-actin forward, 5'-ATC GTG CGT GAC ATT AAG GAG AAG-3' and reverse, 5'-AGG AAG GAA GGC TGG AAG AGT G-3'; Snail1 forward, 5'-AAG GAT CTC CAG GCT CGA AAG-3' and reverse, 5'-GCT TCG GAT GTG CAT CTT GA-3'. cDNA synthesis was performed at 42˚C for 1 h, followed by denaturation at 94˚C for 5 min. The PCR procedure consisted of 22 cycles with the following conditions: 94˚C for 30 sec, 55˚C for 30 sec and 72˚C for 30 sec. Following the last cycle, the reaction was incubated at 72˚C for 10 min. The housekeeping gene, β-actin, was used as an internal reference.
Western blot analysis. A total of 5x10 5 cells in the logarithmic growth phase were added to 0.5 ml pre-chilled cell lysis buffer (Beijing Dingguo Changsheng Biotechnology, Co., Ltd., Beijing, China) and incubated on ice for 30 min. Following centrifugation, the supernatant was collected and protein concentrations were measured using a BCA assay. The proteins (50 µg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto a nitrocellulose membrane by semi-dry transfer. Membranes were blocked with TBST containing 5% skim milk for 1 h at 37˚C and incubated with the primary antibodies against E-cadherin, vimentin, HIF-1α, Snail and β-actin (dilution, 1:2,000) for 12 h at 4˚C. On the following day, the membranes were incubated at RT for 2 h with a horseradish peroxidase-conjugated secondary monoclonal anti mouse IgG antibody (1:2,000; cat. no. sc-2005; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). An enhanced chemiluminescence kit (GE Healthcare Life Sciences) was used for staining.
Statistical analysis. Statistical analysis was performed using SPSS (version 13.0; SPSS, Inc., Chicago, IL, USA). Each experiment was performed at least three times. The data are expressed as mean ± standard error of the mean, and analyzed using Student's t-test or a one-way analysis of variance followed by a Bonferroni post hoc test, where P<0.05 (two-tailed) was considered to indicate a statistically significant difference.
Results
Effects of different oxygen concentrations on cell proliferation. The MTT method was used to investigate cell viability changes during hypoxia, normoxia and moderate hyperoxia. Compared with the hypoxia and normoxia groups, cells exposed to moderate hyperoxia demonstrated no significant differences in proliferation or cell death (P>0.05), indicating that the oxygen concentration used in the moderate hyperoxia group was suitable for subsequent experiments (Fig. 1) .
Effects of different oxygen concentrations on partial EMT.
A light microscope was used to observe cell morphology and examine whether hypoxia could induce EMT in cancer cells. Following hypoxic treatment, the cancer cells indicated a change in morphology from a round to spindle or long-spindle shape, with a disorderly, non-directional and radial appearance ( Fig. 2A) . Laser confocal microscopy was used to examine the fluorescence intensity in Panc-1 cells. Cancer cells grown in a hypoxic environment demonstrated higher vimentin fluorescence and lower E-cadherin fluorescence, compared with cells in normoxia and hyperoxia groups (Fig. 2B) . Western blot analysis results indicated that the protein expression of vimentin in the hypoxia group was higher than in the normoxia and hyperoxia groups. E-cadherin protein expression was lower in the hypoxia group than in the normoxia and hyperoxia groups (Fig. 2C and D) . This indicated that hypoxia can increase partial EMT changes in pancreatic cancer cells, whilst normoxia or hyperoxia can reverse the conversion of EMT to MET.
Changes in the migration capacity of pancreatic cancer cells in different oxygen concentrations.
Scratch assays were conducted to verify whether hypoxia-induced EMT in pancreatic cells could promote metastasis. Following treatment of cells for 48 h, Panc-1 and BxPc-3 cells exposed to normoxia or hyperoxia demonstrated reduced migration capacity, compared with hypoxia-treated cells (Fig. 3) . The migration index of normoxia or moderate hyperoxia treated cells was significantly (P<0.05) reduced, compared with hypoxia treated cells. This result demonstrated that hypoxia induces EMT transformation in pancreatic cancer cells, and it may also promote tumor metastasis; whilst, exposure to normoxia or hyperoxia causes the reversal of EMT and reduction in cell migration ability.
Changes in the invasive capacity of pancreatic cancer cells in different oxygen concentrations.
Transwell experiments were carried out to confirm whether hypoxia-induced EMT transformation in pancreatic cancer cells promotes invasiveness. The number of cells penetrating the membrane significantly (P<0.05) increased under hypoxic conditions, compared with normoxic or hyperoxic conditions (Fig. 4) . This indicated that tumor invasiveness is increases following hypoxia-induced EMT transformation in pancreatic cancer cells.
Effects of oxygen concentration on Snail mRNA and protein expression in pancreatic cancer cells.
Snail is an upstream transcription factor that regulates the expression of the EMT markers, E-cadherin and vimentin (15) . To confirm whether hypoxia affects Snail expression in pancreatic cancer cells, RT-PCR and western blot analysis were conducted to quantify Snail mRNA Western blot analysis results indicated that the protein expression of vimentin in the hypoxia group was higher than that in the normoxia and hyperoxia groups, and E-cadherin protein expression was lower than that in the normoxia and hyperoxia groups. Hypoxia, 5% oxygen; normoxia, 21% oxygen; hyperoxia, 30% oxygen; E-cadherin, epithelial-cadherin. * P<0.05 vs. normoxia and hyperoxia groups. and protein expression. Snail mRNA and protein expression were significantly higher in hypoxic conditions, compared with that in normoxic and hyperoxic conditions (P<0.05; Fig. 5 ). These results indicated that hypoxia-induced upregulation of Snail expression is a key factor in EMT induction.
Hypoxia regulates Snail through HIF-1α. HIF-1α serves an important role as a transcriptional regulator in tumor EMT (16, 17) . Western blot analysis was used to evaluate HIF-1α expression to confirm whether Snail upregulation in cancer cells under hypoxic conditions is associated with HIF-1α. Fig. 6A depicted that HIF-1α protein expression under hypoxia was significantly higher than that under normoxia or hyperoxia (P<0.05). This result demonstrated that the HIF-1α pathway is active in cancer cells under hypoxia. To confirm that the HIF-1α pathway is associated with EMT in hypoxic tumor cells, cells were pre-treated with the HIF-1α-specific inhibitor, YC-1, for 24 h prior to exposure to different oxygen concentrations, and the Snail protein expression was then measured. Following treatment with YC-1, there was no difference in expression of Snail, E-cadherin and vimentin between the hypoxia, normoxia or hyperoxia groups under different oxygen environments (Fig. 6B and C) . These results confirmed that the HIF-1α-Snail regulatory axis is important in inducing EMT in hypoxic pancreatic cancer cells. Correspondingly, deactivation of the HIF-1α-Snail regulatory axis under normoxia or hyperoxia may induce MET transformation.
Discussion
EMT provides cells with migration and invasion capacities, enabling cancer cells to penetrate the basement membrane and enter into circulation through angiogenesis and intravasation, thereby forming circulating tumor cells (CTCs) (18) . There are three cell phenotypes that exist during the process of EMT: Epithelial phenotype (E); mesenchymal phenotype (M); and a partial EMT state (P), containing epithelial and mesenchymal features (19) . E-cadherin is considered to be a guardian of the epithelial phenotype in various cell types, whilst vimentin is a canonical molecular marker of EMT events (18) . The EMT core transcription factors, Snail1 and Snail2, can inhibit the transcription of E-cadherin via directly binding to E-boxes on the E-cadherin promoter (19) . In addition to promoting CTC production, EMT in tumor cells can also aid in survival (20, 21) , whist CTCs are transformed into metastatic lesions through MET (22) ; however, the exact mechanisms underlying EMT-MET temporal regulation remain unclear. The present study demonstrated that the hypoxic microenvironment in primary sites promotes EMT, upregulates vimentin, and downregulates E-cadherin expression through the HIF-1α-Snail axis, resulting in increased invasiveness. Conversely, in normoxic and hyperoxic environments, these changes are reversed. These results support the hypothesis of the present study that when tumor cells adapted to an oxygen-poor environment move to an oxygen-rich homing site, hypoxic induction is lost and the activity of the HIF-1α-Snail transcriptional regulatory axis is downregulated, leading to P-to-E transition and formation of novel metastatic foci. A novel hypoxic microenvironment is then created when these metastatic lesions grow, resulting in repeated cycles.
Involvement of the MET process in metastatic sites has been postulated to resolve the contradiction of EMT involvement, since numerous metastatic lesions and their primary tumor counterparts share a similar epithelial nature. Although the role of MET in metastatic tumor formation is gradually being elucidated, the exact mechanisms underlying this process, including where and how MET takes place and how it facilitates the formation of metastases, remain largely elusive (23) . Previous research has focused mainly on factors that contribute to metastasis initiation, including EGF, Wnt and Akt. Relatively few studies have examined the formation of secondary tumors (23) . Another plausible mechanism has been proposed to explain the changes in cell phenotype. There are numerous signals from the activated stroma in primary tumors that promote EMT. Tumor cells that leave the primary site may revert to an epithelial state due to the absence of these EMT-inducing signals at their novel site (24) . This proposed mechanism is in line with the hypothesis that indicates that differences in oxygen concentration in the microenvironment may be important in the EMT-MET process. During the development of solid tumors, the most significant change in the microenvironment is hypoxia (5) . It has been demonstrated that the hypoxic microenvironment of pancreatic cancers is closely associated with high invasiveness. Under hypoxic conditions, HIF-1α is an important regulatory factor maintaining steady-state oxygen levels in the cells (25) . Hypoxia can induce EMT by causing plasticity changes in tumor cells through HIF-1α (6). Huang et al (26) determined that hypoxia upregulates the expression of Slug through HIF-1α, causing EMT and enabling cells to become highly invasive and metastatic. These results are consistent with those of the present study. A previous study indicated that hyperoxia can induce partial MET in a mouse tumorigenesis model, indicating that hyperoxia serves an important role in the MET process at the tumor homing sites (27) . A highlight of the present study was the continuous observation of MET in oxygen-rich environments, indicating that differences in oxygen concentration are essential for EMT to MET conversion. Differences between the hypoxic primary sites and hyperoxic homing sites may offer a novel perspective for studies on EMT-MET conversion. Further investigation is required for an in-depth understanding of the underlying mechanisms involved. EMT increases the migration and invasiveness of tumor cells, enabling them to penetrate through the basement membrane, and promote their intravasation to form CTCs (19) . Tsuji et al (28) subcutaneously injected cells containing p12 CKD2-AP1 into mice and only cells that had undergone EMT could invade into the neighboring tissues and blood vessels, demonstrating that EMT is a precursor of CTC production. Following CTCs metastasizing to distant sites and adapting to the surrounding matrix environment, they undergo MET conversion and acquire proliferative characteristics to form metastatic lesions (29) . The reversible and instantaneous EMT-MET conversion requires further analysis. In-depth investigation of the production and conversion mechanisms underlying EMT in CTCs would improve the understanding of tumor oncogenesis, development and metastasis, as well as provide a basis for novel targeted tumor therapies.
To conclude, epithelial tumors require dynamic EMT-MET conversion to undergo micro-metastases, and this process is mediated by differences in oxygen concentration in the microenvironment. Improving the understanding of the molecular regulation of the dynamic EMT-MET process during tumor metastasis may provide effective strategies for eradicating tumor metastases.
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